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ABSTRACT 

This  report  describes  the  techniques  end  initiel 
results  of  investigations  on  fine  particle  permanent 
magnet  neteriols. 

The  greeter  pert  of  the  investigations  reported 
herein  were  on  iron  powders  produced  by  thernel  reduc- 
tion of  commercial  rouge.  For  these  powders,  studies 
were  made  to  determine  the  influence  of  variations  in 
the  conditions  of  reduction  for  loose  powders  and  of 
variations  in  tne  pressing  end  sintering  conditions  for 
compacted  powders.  The  data  reported  include  metallic 
iron  content,  density,  end  megnetic  properties,  as  re- 
lated to  the  conditions  of  preparation. 

Preliminary  investlga tior.s  are  rlso  reported  on 
powders  produced  from  ferrous  fornetes  pnd  from  nixed 
formates,  including  investigations  on  the  characteristics 
of  powders  reduced  from  formates  produce  in  various 
shapes  and  sizes.  In  general,  the  formate  powders  appear 
to  be  more  easily  reduced  and  to  yield  better  magnetic 
properties  then  the  oxide  powders. 

The  best  properties  obtained  to  dete  have  been  by 
reduction  of  a ferrous  formete  powder  containing  0.066$ 
magnesium  which  yields  a BxHmax  of  approximately  0.7  x 
10^.  Indications  are  that  by  careful  variations  of  the 
production  techniques,  this  value  mey  be  appreciably 
improved. 
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INTRODUCTION 

Purpose  end  Scope: 

The  objective  of  this  project  is  to  study  the  produc- 
tion end  properties  of  fine  perticle  permanent  megnet 
materials. 

Thi3  report  covors  in  addition  to  the  results  of  the 
pest  year’s  work,  which  it  must  be  emphasized  should  be 
considered  in  the  neturo  of  a progross  roport  rather  than 
e terminal  roport,  mothods  and  techniques  the  development 
of  which  has  oxtondod  for  ovor  two  yeers.  Much  of  this 
work  wrs  undertaken,  or  at  least  initiated  prior  to  the 
grenting  of  the  contract,  but  it  is  deomod  necessary  end 
appropriate  to  roport  on  it  here  in  order  thet  the  tech- 
niques used  in  the  work  be  fully  known. 

In  view  of  the  oxtondod  coverage  of  the  report,  it  is 
divided  into  three  soctions: 

I - General  Stetonent  of  .'.ins 
II  - 3quipmont  and  Tqchniquos 
III  - Experimental  Results  to  Date 
Personnel : 

Tho  personnel  of  the  project  have  included,  in  addition 
to  the  principal  invostigetor , Mr.  /»n8nthenarayenan,  Dr. 

J.  F.  Libsch,  (Projoct  Diroctor);  Dr.  ...  C.  Zottlomoyer 
(Advisor  on  chomicel  mattors);  Dr.  G.  P.  Conard  II 
{ ssistant  Diroctor  of  Megnctics  Projocts);  Mr.  A.  V. 

Fraioli  (Investige tor);  and  Hr.  Edward  Gtewert  (Investigator). 
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I - Cr'2!  JRAL  ST.'.TCMSNT  0?  AD33 

Tho  first  concern  of  this  project  has  been  with  studios 
of  tho  various  means  of  producing  fine  ferromagnetic  pow- 
ders and  tho  effect  of  variations  in  tho  production  pro- 
cesses on  the  magnetic  properties  of  those  powders  in  both 
the  loose  and  the  compacted  form. 

Among  tho  variables  to  bo  controlled  in  connection 
with  the  particle  production  ero  size,  shepo,  orientation, 
composition  end  surface  condition  of  the  powder.  Tho  first 
four  fectors  are  of  importance  for  both  loose  and  compac- 
ted powders,  while  the.  fifth  variable  might  prove  of  pri- 
mary importance  in  its  influonco  on  tho  properties  of  the 
compacted  powders. 

In  addition  to  tho  variables  within  the  powder  produc- 
tion itself,  when  a satisfactory  powder  is  obtained,  it  is 
necessary  to  investigate  moens  of  compacting  and  bonding 
this  powder  to  provido  satisfactory  solid  magnets. 

To  dat3,  the  investigations  have  boon  conccrnod  pri- 
marily with  the  production  of  iron  powder  by  throe  mothods: 
(1)  reduction  of  tho  oxide;  (2)  reduction  of  tho  formate; 
end  (3)  chemical  precipitation ; and  with  tho  characteris- 
tics of  pressed  end  sinterod  compacts  of  powders  obtained 
by  methods  (1)  and  (2)  as  role  tod  to  the  production  and 
pressing  end  sintering  conditions. 
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ii  - so,uiFH'-rTT  :.iid  techni^uet. 

(..)  Preparation  of  Ultre-Fino  Ferromagnetic  Powdors 
Introduction : 

Several  methods  show  promise  for  the  production  of 
ultra-fine  iron  end  other  forromagn otic  pov/ders  (1-6). 

Those  include: 

1.  Low  tempore turo  reduction  of  com- 
pounds with  e reducing  ges  (1,  2). 

2.  Direct  precipitetion  of  th;  motels 
from  en  aouoous  solution  of  their  selts 
(3). 

3.  Electrolysis  of  salt  solutions  in.  the 
prcs-ncc  of  grain  growth  inhibitors 
(4,5). 

4.  Low  temperature  decomposition  of  the 
carbonyls  or  oth or  methods  of  deposi- 
tion of  the  motels  from  their  vapor  (6). 

Cf  these  methods,  the  first  was  choson  for  the  routine 
production  cf  iron  powders.  The  raw  materials  used  were 
cither  Jewelers'  rouge  (commercial  grado  of  FogO 3 - approxi- 
mately 98 ro  F02O3,  bPlanco  primarily  Si02,  porticlc  size 
approximately  1 -end  finor)  or  ferrous  forme to  and  mixed 
formats  powders  produced  as  described  below; 

Lot  I; 

Plastiron  (annealed  electrolytic  iron  of  -100  mosh) 
powder  was  dissolved  in  hot  dilute  formic  acid.  Ferrous 
formate  was  precipitated  by  chilling,  the  solution  to  room 
tomnereture.  The  formate  crystals  producod  wore  washed  in 
alcohol,  dried  and  stored  in  a vacuum  for  future  use.  The 
crystals  obtained  by  this  means  were  hexagonal  platelets 


(50^  to  100  in  sizo) 
Lot  II: 
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Tho  coorso  crystals  of  Lot  I ware  redissolved  in 
diluto  fornic  acid  and  recrystp llizod  by  the  addition  of 
an  aquPl  volume  of  95^  othyl  alcohol  (7).  By  ellowing 
tho  procipita tion  to  take  plrco  in  p tPll  vossol,  fine 
elongated  crystals  of  on  average  sizo  of  15<.  x 5^  x 5n 
along  with  star-liko  clusters  Pbout  10,ctin  diameter  woro 
obtr i.ocd. 

Lot  II  - Ground : 

A batch  cf  Let  II  was  {'.round  by  a single  pass  through 
a three  roll  mill  used  for  dispersion  of  paint  or  ink  pig- 
nor.ts.  The  rolls  were  4"  dir.  x 8*  wide  pnd  were  set  at 
a force  cf  5 pounds  per  linoar  inch  betwocn  rolls.  This 
grinding  broke  up  the  star-like  clusters  end  some  of  the 
needles  and  resulted  in  particles  of  approximately  10 
micron  size.  • 

Lot  II  - 3a  11-:  't  lied  : 

Another  batch  of  Lot  II  was  ball-milled  in  an  inert 
atmosphere  until  tho  crystals  were  crushod  to  1 micron  or 
finer. 

Lots  A,  3 and  C: 

Threo  batches  of  formate  wore  noxt  prepared  by  rccry- 
stallizlng  Let  I formate  to  which  vrrying  amounts  of  nag- 
ncslun  formpto  hrd  previously  been  added,  the  technique 
for  precipitation  being  tho  sane  as  for  Lot  II.  Tho  co- 
precipltatod  mixtures  of  ferrous  and  nagnosium  formrtos 
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woro  analyzed  for  thoir  mp.gnosium  contents.  The  brtchos 

wore  dosignrtod  Lots  A,  B rnd  C in  the  descending  order 

of  their  magnesium  content: 

Lot  A:  2.5#  Kg  in  the  formate 

Lot  3:  0.29#  Mg  in  tho  forme  to 

Lot  C:  0.066#  Mg  in  tho  forme to 

The  sizes  of  the  crystals  in  ell  of  these  batches 
were  comprrPble  to  those  of  Lot  II. 

Reduction  of  Powders; 

The  powders  woro  roducod  with  hydrogen.  As  tho  ro- 
ducod  powdors  rro  pyrophoric,  it  wps  first  necessary  to 
devise  techniques  and  construct  equipment  so  that  reduc- 
tion of  the  powders  and  subsequent  handling  could  be 
roedily  performed  without  bringing  the  loose  powders  into 
contpct  with  the  air. 

The  equipment  used  is  illustrated  schempticplly  in 
Figuro  1.  Ton  grans  of  tho  compound  to  be  reduced,  con- 
tained in  a stainless  stool  boat  (h),  woro  placed  in  the 
heated  combustion  chamber  (j)  through  which  p rogulated 
stream  of  purified  hydrogen  at  approximately  1.5  cu.  ft./ 
hr./gm.  of  powdor  was  passed.  Tho  reduction  wp.s  carried 


out  for  tin: s ranging  from  30  to  900  minutes  end  et  tem- 
pera tu  res  of  from  500-1100°F.  Helium  was  then  introduced 
into  tho  combustion  tube,  the  whole  systom  flushed  with 
helium,  and  tho  boat  containing  the  powdor  was  plpccd 
under  tho  Kjeldall  joint  (k).  ..cotone  was  then  drippod 


into  tho  boat  until  the  roducod  powdor  wes  well  covered* 
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Tho  helium  flow  wps  stoppod  and  the  slurry  of  powder  pnd 
acetone  transferred  to  a suitable  contrinor. 

B - Prrtlclo  Size  Studios 

Attempts  woro  than  npdo  to  study  the  pprtlclo  sizo 
(pnd  shP.po)  of  the  powders  produoed  by  tho  following 
ncthods : 

(1)  Electron  microscopo  studios  * 

(2)  X-rpy  line  broadening  ** 

(3)  Nitrogen  pdsorption*** 

For  tho  first  toohniquo,  electron  micrographs  were 
mrdo  from  spocin.  ns  obtPined  by  disporsinr.  the  powders 
in  dilute  solutions  of  pprlodion  in  anyl  plcohol.  The 
prrlodion  powder  mixture  wes  woll  rubbed  out  on  p gloss 
plete  to  tho  consistency  of  p thick  ppsto,  o drop  of  which 
wes  next  cost  into  p.  film  on  tho  surface  of  brine  con- 
tained in  p lprgo  pan.  Tho  film  wps  liftod  off  in  e frpmo, 
rofloPtod  on  wptor  to  remove  rll  trecos  of  brino,  and  smPll 
portions  woro  selected  P.nd  mounted  on  tho  specimen  holdor 
of  on  RCA  electron  microscope  having  p resolution  of  100 
Angstrom  Units  or  bottor.  Tho  specimens  wore  opcPminod  Pt 
magnifications  varying  from  1250-45»000  X. 

It  became  clcrr  that  with  this  toohniquo,  dispersion 

* ‘Tho  electron  microscopo  studios  woro  mpdo  at  the  New 
Jorsoy  Zinc  Co.,  Palmorton,  Pe..,  with  the  kind  pssistanco 
of  tho  norabers  of  thoir  stpff. 

**  Tho  X-rpy  v/ork  wps  dono  by  Prof.  H.  V.  Anderson, 
Chemistry  Dopprtmcnt,  Lehigh  University. 

***  The  nitrogen  adsorption  nopsuromonts  woro  mado  by 
Mr.  A.  V.  Fraioli  pnd  Miss  Yung-Fnng  Yu,  Chomistry  Dopert- 
mont,  Lehigh  Unlvorslty, 
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of  tho  pprticlos  wps  net  satisfactory.  The  powders 
tended  to  group  together  in  rings  of  magnetic  closure 
(Fig.  2).  Of  several  variations  tried  to  overcome  this 
deficiency,  one  did  show  some  promise,  A magnetic  field 
was  applied  by  waving  a U-shPDod  Alnico  magnet  und^r  the 
glass  plate  holding  tho  rubbed-out  specimen  just  prior  to 
casting  tho  film.  In  some  areas  of  the  field,  good  dis- 
persion was  observed  (Fig.  3)»  while  in  others  tho  parti- 
cles became  aligned  in  strings,  indicating  the  possibility 
of  magnetically  aligning  tho  powders  (Fig.  4).  This  experi- 
ment, though  crude  in  neturo,  suggests  r possible  method 
of  adequately  dispersing  tho  particles  to  obtain  electron 
microgrrphs  suitable  for  particle  size  and  distribution 
determinations.  Recontly,  other  investigators  (8)  havo 
found  thPt  by  rpplying  an  alternating  magnetic  field  to 
the  suspension  while  it  is  being  rotated,  even  tho  larger 
aggregates  can  be  broken  up.  If  the  magnetically  agitated 
suspension  of  prop  .r  consistency  is  quickly  cast  into 
filn3  the  dispersed  pprticlos  do  not  have  tine  to  roaggro- 
gato  into  ringlets  by  mutual  attraction  because  tho  vis- 
cous resistance  of  tho  medium  would  hinder  thoir  ready 
motion  towards  one  another. 

The  second  technique  rcturlly  measures  grain  or  cry- 
stallite size,  but  for  those  fine  particles,  it  is  presumed 
that  each  pprticle  is  p single  crystal. 

The  pyrophoric  nature  of  tho  powders  cPllod  for  special 
techniques  in  tho  preparation  of  the  X-rpy  specimens.  Tho 
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slurry  of  the  powder  and  acetone  was  lPid  on  several  leyors 
of  filter  pop  er  to  absorb  most  of  the  pcotonc.  The  pow- 
der, slightly  moist  with  rcotono,  wps  removed  to  pnothor 
filter  prpor  whore  it  wns  gently  nixed  with  e trpco  of  non- 
diffrpeting  grease.  Satisfactory  spocinons  could  be  mpdo 
from  ouch  p mixture  without  pny  oxidPtion  during  the  experi- 
ment. Only  the  strongest  lino,  viz.  the  (110)  line,  wps 
recorded  on  p G.S.  XRD  3 X-rpy  recording  spectrometer  unit 
with  cobrlt  rpdiption.  The  spho  line  was  Plso  rocordod 
under  conditions  yielding  shprpcst  resolution  by  using  e 
spnplc  of  annealed  iron-powder  hpving  coprse  pprticlos. 

In  this  respect,  the  technique  used  diffors  from  the  convon- 
tionpl  method  of  nixturos  described  by  Werren  (9).  The  engu- 
lar  widths  of  the  recorded  lines  were  mersured  pt  points 
of  half-maximum  intensity  pnd  the  thickness  of  the  pprticlos 
in  the  (110)  direction  wps  calculated  from  tho  formulp  - 

D = __  0.89  

(110)  Y "b2  - b^  . Cos 


where 


D I 

(110) 

A “ 

3 * 


b 

end  © 


pprticlc  thickness  Plong  r direction 
normal  to  the  (110) planes . 

wavelength  of  X-radiation  used. 

angular  width  of  (110)  lino  in 
radians  for  the  powder  sanplo. 

angular  width  of  tho  shPrp  (110)  lino. 

Bragg  angle  of  diffraction. 
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These  crlculrtions  rssunc  no  strrin  in  tho  powders. 

It  is  I'.'lt  thPt  this  assumption  any  bo  justified  in  view 
of  the  method  of  obtaining  the  powders  pnd  proprrir.g  the 
specimens . 

In  the  third  technique,  tho  ne^n  particle  size  vi^s 
determined  from  the  3urfpce  r>r>e?  nopsuromonts  obtrinod 
by  nitrogen  nor.olrycr  rdsorpticn  end  tho  presoncc  or  Pb- 
soncc  cf  desorption  hysteresis  wfs  used  rs  p.n  indicotion 
of  the  presence  or  Pbsonco,  respectively,  of  pores. 

C - . tic  Testing  of  Powdors  (p.nd  Conppcts) 

The  magnetic  properties  of  loose  ppgregrtos  of  the 
pev/ders  rnd  of  th~  conppcts  obtrinod  by  pressing  thorn  Pt 
pressures  vrryi.ng  from  20-100  tons  per  squrre  inch  wore 
n.rsur.d,  using  r Smford-Benno  tt  l'ornernotcr  (10). * 

The  specimens  used  for  nepsurononts  on  loose  powders 
consisted  of  moist  powder  gently  mn..d  into  p 1-3/4.  inch 
long,  6 n.n.  outside  dirmotir,  1 n.n.  wrll  thickness 
pyrox  gloss  tube  p;.d  held  in  plpco  by  stoppers  Pt  tho  ends 
of  thj  tube. 

D - Trussing  p.nd  Slnt;rlng  of  Powders 
The  pressing  cf  the  tost  brrs  wrs  done  in  p single 
rctio.n  die  on  r brldwin-Scuthwork  testing  nr  chine  Pt  pros- 


% 'Jprlior  mopsurenonts  wore  mpdo  by  our  inves tigr tors  Pt 
Boll  Telephone  Lpborrtor ies , Murrpy  Hill,  N.  J.,  with  tho 
kind  rssistp.nce  of  thoir  personnel,  while  tho  lrtor 
moosuroaunts  wore  mpdo  Pt  the  Frpnklin  Institute,  Philn- 
d^lphir,  with  the  freilitios  provided  by  Dr.  ...  D.  Frmklin. 


10 


suros  of  from  20-100  tons  par  square  inch. 

Tho  sintering  of  the  prossed  compacts  was  accomplished 
in  tho  equipment  shown  in  Figure  1.  The  specimen  to  be 
sintered  wes  first  plpced  in  tho  furnece  tube.  The  tube 
wps  evacuated  v-ith  p standerd  Conco  Hyvac  vacuum  pump 
(boosted  for  3cmo  runs  by  c mercury  diffusion  pump).  Tho 
atmosphere  to  bo  used  for  sintering  (hydrogen  or  holiun) 
wps  then  admitted  and  tho  furnaco  heated  to  the  required 
tenperaturo.  Sintering  experiments  wore  performed  at 
tenporaturos  of  450  to  1700°F  for  timos  of  2 to  16  hours. 

E - Anelysis  of  Compacts 

The  comprcts  were  analyzed  for  netrllic  iron  by  hydro- 
gon  evolution  and  for  totrl  iron  by  potassium  pornrngpnate 
titration. 


F - Density  ? Measurements 

The  average  dimensions  of  the  specimens  wore  measurod 
with  r micromotor  corroct  to  1/100  millimeter.  The  speci- 
mens v/ero  next  evocUPtcd  and  woighod  rnd  tho  rverago  den- 
sities v;er'J  calculated. 
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III  - JXI'IREUNT:.!  RESULTS  OBTAIN  iD  TC  D/TE 
_ Po’.vders  Produced  by  Reduction  of  Rouge 

Several  brtches  of  powdors  were  produced  from  rouge 
as  described  in  3ection  II,  with  reduction  in  the  tempera- 
ture ran.no  600°-900°F  and  tines  of  100,  200  end  900  min- 
utes. 

Size  end  Shape  of  Powdor  Particles 
Electron  Microscopy: 

.'.s  mentioned  earlier,  the  lrck  of  dispersion  in  most 
of  the  micrographs  and  the  rclPtivoly  low  nr gnif iept ion 
in  tho  single  micrograph  of  Figure  3,  heving  adequate 
dispersion,  did  not  permit  any  particle  size  measurements. 
From  preliminary  results,  however,  three  significant  obser 
vrtions  nay  bo  mentioned: 

a.  Firstly,  thrt  the  particles  cou]d  bo  satis- 
factorily dispersed  and  size  counts  could 
probably  bo  nPde  by  using  the  method  of 
magnetic  dispersion. 

b.  Secondly,  that  ts.e  particles  could  also  bo 
aligned  iri  a.  magnetic  field,  ***h  n they  are 
suspended  in  a medium. 

c.  Lastly,  that  tho  perticlos  arc  not  frr  fron 
spherical  in  shapo  and  as  such  do  not  havo 
any  appreciable  shapo  anisotropy. 

This  last  result  is  equally  Important  from  the  prncti 
cal  standpoint  of  making  permanent  magnets  from  these  pow- 
ders because,  in  this  connection,  large  shapo  anisotropy 
of  tho  powder  particles  is  highly  dosirablo  in  order  to 
attain  large  cocrcivo  forco  values. 

Tpo  present  experiments  appear  to  indicate  that  the 
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thermal  reduction  process  of  powder  preparation  does  not 
produce  powdors  of  high  shape  anisotropy  and  is  therefore 
incapable  of  producing  powders  with  the  high  coercive 
forces  that  hove  boon  predicted  by  Neel  (11),  and  by 
Stoner  end  Wohlforth  (12). 

X-Ray  Diffraction  and  N?  Adsorption: 

Particle  sizes  of  powders  prepared  at  tomperoturos 
ranging  from  650-900°F  ns  determined  by  the  X-ray  diffrec- 
tion  and  nitrogen  adsorption  methods  ere  giver,  in  Figure 
5.  It  will  be  noticed  that  the  values  obteined  by  the  two 
methods  are  of  the  seme  order  of  magnitude.  In  addition, 
the  pore  volume  results  ere  riven  in  Figure  6.  Tho  relative 
insensitivity  of  surface  erea  end  perticle  size  measurements 
to  incroesed  reduction  temporature,  when  considered  with 
further  evidence  to  be  givon  in  subsequent  sections,  is  be- 
liovod  to  Indiceto  thet  tho  reduction  of  tho  rouge  has  been 
Incomplete  in  ell  cases,  ovon  at  900°F. 

Tho  lock  of  any  appreciable  hystoresis  in  the  adsorp- 
tion-desorption cyclo  appeers  to  indiceto  that  if  appre- 
ciable porosity  is  prosont  in  tho  individual  particles  it 
must  be  on  a scale  smaller  than  the  size  of  tho  N2  noloculo 
and  thorofore  would  bo  of  the  nature  of  tho  atomic  scale 
porosity  predicted  by  earlior  investigators  (2).  Tho  grad- 
ual docrease  of  pore  volumo  with  increasing  reduction  ten- 
poroturo  is  intorpretod  as  an  Indication  of  sintering  tax- 
ing piece  during  the  reduction. 
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ileflnetic  Properties  of  **10036**  Powders  end  of  Powaer  Compacts 
Tho  magnetic  proportios  of  loose  aggregates  of  tho 

powders  and  of  tho  conpacts  obtained  by  pressing  them  at 

pressures  varying  from  20-100  tons  per  square-inch  were 

neesurod,  using  a high  H pornoeneter  of  the  3enford-3on- 

nott  typo. 

Looso  Powders: 


Tho  coorcivo  forcos  of  powders  propered  at  various 
tamporatures  for  )00,  200  end  900  ninutos  of  reduction  end 
a hydrogon  flow  of  approximately  1.5  cu.  ft./hr./gm.  of 
oxido  ere  shown  graphically  in  Figure  7. 

Some  goncral  foeturos  may  bo  observod  from  these 
curves: 

(a)  All  tho  curves  aro  approximately  para- 
bolic in  shapo,  thus  exhibiting  e maxi- 
mum coorcivo  force  for  an  intornodioto 
tompereture  of  reduction. 

(b)  Tho  coorcivo  force  vpIuos  for  tho  200 
minutes  of  reduction  time  are  uniformly 
higher  than  those  for  ICO  minutos  of 
reduction  timo,  whilo  tho  900-ninuto 
curvo  i s displecod  so  that  it  crossos 
both  tho  shortor  timo  curvos. 

(c)  Tho  nnxinun  coorcivo  forco  occurs  at 
lowor  temperatures  for  longer  roduotlon 
timos . 

(d)  Tho  maximum  coercive  forcos  octuelly  ob- 
tained oro  reasonably  high,  520  oorstods 
for  100  minuted  reduction  tine,  640  oer- 
steds for  200  minutes* reduction  timo, 
ana  580  oersteds  for  900  minutos*  reduc- 
tion timo.  From  tho  trends  of  tho  curvos 
it  epponrs  that  a coorcivo  force  os  high 
as  650  oorstods  may  bo  obtRineblo  with 
tho  900-minuto  reduction. 

Tho  parabolic  r*  turo  of  tho  curvos  may  bo  roadily 
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understood  by  considering  tho  well-known  effects  of  cry- 
stal size  on  coorcivu  force  theoroticnlly  derived  by 
Neol  (11,  13)  end  experimentally  verified  by  Berteut 
(14)  on  tho  cnj  hand,  ond  tho  effect  of  oxygen  content 
of  tho  powdors  rocently  reported  by  Lihl  (15)  on  the 
ether.  At  the  low  temper? tur od  of  reduction,  oxtremoly 
fine  particlo  sizo  end  tho  oxcossive  oxygen  content  of 
tho  powders  tegothor  work  rgninst  the  development  of  o 
high  coorcivo  force.  At  the  higher  temperatures  of  reduc- 
tion, tho  growth  of  the  metri  particles  into  poly-domains 
would  tend  to  offsot  tho  beneficial  offocts  of  tho  decreased 
oxygon  content  in  theso  powders.  The  bPlc.nco  between  tho 
effects  of  perticlo  sizo  rnd  of  oxygon  content  would  thus 
tond  tc  give  a maximum  point  on  the  coorcivo  forco  vs. 
temperature  of  reduction  curve.  The  shift  of  tho  point 
of  meximum  coercive  force  to  the  lower  temperatures  for 
the  higher  tines  of  reduction  i3  also  understandable  on 
the  seme  basis.  For  the  hlghor  tines  of  reduction,  tho 
balance  between  the  particle  sizo  and  02  content  offects 
must  evidently  obtain  at  a lov/or  temperature  of  reduction. 
Thus,  the  increased  tine  enpoars  to  bo  noro  offectivo  in 
the  reduction  of  tho  oxido  then  it  is  in  tho  sintoring 
of  those  powdors.  According  to  Lihl  (15)  > in  formate 
reduced  iron  powdors,  tho  nrxinun  coorcivc  forco  is  ob- 
tained when  the  powdor  contains  sbout  65$  motallic  iron, 
tho  actual  valuo  of  this  maximum  boing  the  creator  tho 
lowor  the  tomporaturo  of  reduction.  Tho  motellic  iron 
data  eveiiablo  for  tho  powders  which  yioldod  high  coor- 
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clvo  fores  vrlucs  rre  shown  in  Teblo  I.  It  would  r pporr 
thot  sone  definite  correlation  between  motallic  iron  con- 
tent end  the  ccorcivo  force  exists  in  the  rouge-reduced 
powders  as  well.  Tho  maximum  coercive  forco  occurs  et 
approximately  55-60fo  metallic  iron,  o.  value  soraewhrt  be- 
low that  reported  by  Lihl  for  tho  formate  roducod  powders. 
The  point  et  which  tho  naxinun  Hc  is  obt^inod  night  per- 
haps nlso  bo  used  es  an  index  of  compering  tho  reducibi- 
lity  of  different  grades  of  oxido,  from  which  the  Pe  pow- 
der may  be  prepared. 

Powder  Compacts: 

Figures  8 end  9 show  the  variation  of  coercive  forco 
end  of  3S  and  3r,  respectively,  of  tho  compects  es  a func- 
tion of  compacting  pressure.  A3  the  coorclvo  force  do- 
creeses  Gradually  with  incrorsina*  pressure,  the  Bs  and  3j. 
values  show  e corresponding  increase.  It  mey  bo  noted  that 
the  Ds  end  Bj*  velucs  ere  generally  fer  lower  (3s-^  5000, 
Bj.^,2000)  than  those  expected  for  pure  iron. 

The  rate  of  decrcaso  of  coercive  force  with  increasing 
pressure  seems  to  be  dependent  or.  the  initial  powder  charac- 
teristics. For  example,  the  compacts  from  the  powders 
roducod  at  600°F  for  200  ninutos,  which  evidently  contained 
more  residual  oxygen,  show  a more  gradual  decroeso  of  coor- 
civo  force  with  pressuro  than  tho  powders  prepared  at  higher 
temperatures.  None  cf  tho  pov/dors,  however,  show  a markod 
decrease  in  coercive  forco. 

In  Figure  10,  the  densities  of  compacts  prepared  from 
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powders  reduced  et  750 °F  for  100  minutes  end  powders  re- 
ducod  et  800°F  for  200  minutes  ere  plotted  as  e function 
of  compacting  prossuro.  Tho  densities  obtPinod  ere  low, 
even  et  the  highest  compacting  pressure  used,  viz.,  100 
t.s.i.  This  may  bo  duo  to  e high  oxygen  content  in  tho 
powders. 

The  high  coercive  forces,  the  low  saturation  end  low 
romanencc  values,  as  well  p s the  low  densities  of  tho  com- 
pacts, ere  indicative  of  incompleteness  of  reduction. 

According  to  Heel  (11),  the  coorcivo  forco  of  compacts 
should  follow  the  lew  - 

HC  1-1 
do 

where  - 

Kc  = coercive  forco 

d = density  of  comppct 

d0  = density  of  iron  in  bulk. 

1 - d values  for  tho  above  compacts  vs.  the  corresponding 
^o 

compacting  pressures  are  shown  in  Figure  11. 

"/hen  the  coercivo  forco  is  plotted  egainst  1 - d (Fig. 

3To 

12),  it  is  found  that  all  of  tho  points  for  compacts  from 

two  different  batches  of  powdor  fall  approximately  on  the 

same  straight  line.  V/hon  this  curv3  is  oxtrepolatod  to 

1 - d ■ 1 (infinite  dilution  of  tho  peraa  batmeon  parti- 

ng 

clcs),  a coorcivo  forco  vrlue  of  780  oersteds  is  obtained. 
This  value  is  only  about  helf  tho  theoretical  value  of 
1400  calculated  by  Neel  (11)  end  else  shown  in  the  figure 
It  is  to  be  noted,  however,  that  no  correction  has  boon 
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mode  for  tho  oxygon  content  of  the  powdors  rnd  tho  * d'  vnl 
uos  ere  ut  best  only  r-vorego  density  vpIuos.  It  should  be 
further  noted  thot  the  drtP  for  conppcts  fron  powdor  re- 
duced Pt  700°F  for  900  ninutes  of  reduction  time  lio  on 
o strnight  lino  of  grontor  slope  oxtrepolrting  to  e vrluo 

of  860  oersteds  Pt  1 - d = 1,  r vrluo  eloserto  Nool’s 

3o 

thoorotlcrl  vrluo.  Thi3  trend  is  in  the  right  direction 
es  tho  letter  powders  contninod  nore  notellic  iron  thPn 
cither  of  the  other  two. 

Studies  on  Sintering 

Powders  proprrod  rt  700°F  for  200  ninutes  of  reduc- 
tion tine  (H2  flow  1.5  cu. f t. /hr . gm. ) wore  pressed  into 
bers  rpproxinr tely  l*'*  x l/8"  x 1/8"  end  sinterod  Pt  vpri- 
ous  tonnerptures  for  2,  4 end  16  hours.  Tho  vrrietion  of 
He « 3s  end  3r,  es  v/oll  rs  the  density,  netellic  iron  Pnd 
totcl  iron  of  sone  of  tho  conprcts  thus  obtnined  wns  deter 
nined  end  the  results  rro  nssonblod  in  Teblcs  II,  III  nnd 
IV.  The  nngnotic  drtr  rro  Plso  shown  grpphicrlly  in  Figur 
13. 

Tho  coercive  force  results  ppperr  to  indierto  thot 
for  the  tines  investigated,  tho  fornPtion  of  donrin  boun- 
drrio3  trkes  piece  in  rll  cpscs  over  r rengo  from  rpproxi- 
rartoly  1,000  to  1600°F.  At  higher  tenporpturos , further 
sintering  nd  donsif iertion  is  obsorved  ps  the  rosult  of 
contrnction  of  tho  pores  between  sintered  prrticlcs. 

It  is  Plso  noted  thr t further  reduction  of  tho  rosl- 
duPl  oxide  trkos  piece  during  the  sintering  ps  indlcptcd 
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by  the  increase  In  motPllic  rnd  tot?l  iron  contents.  In  view 
of  this  obocrvrtion,  experiments  pro  boing  undertpkon  on  sin- 
tering under  non-r jducing  conditions. 

If,  rs  r first  r "-proximtion  (B  x H)mPX  is  sssuraod  to  bo 
(1/3  Br  x IT  the  maximum  energy  product  cb trinod  for  theso 
sintered  conprcts  is  rpproxinptoly  0.5  x 10^  obtrinod  from 
powders  reduced  for  900  minutes. 

B-Powdcr3  Produced  by  Reduction  of  Formrtos 
Tho  invostigption  undertrken  to  dPto  on  tho  fornrto  re- 
duced powders  hrvo  boon  of  rn  explore tory  nature  only  Pnd  the 
dPtn  're  in  npny  resp;cts  incomplete.  It  should,  therefore, 
be  borne  in  mind  thpt  more  comcloto  drtP  nry  in  some  cpscs  sub 
soqucntly  elter  somo  of  tho  trends  indiePtod  in  this  section 
end  thrt  in  some  props  tho  drtn  rro  so  sketchy  ps  to  procludc 
the  possibility  of  drawing  sound  conclusions  thcrofrom.^  This 
work  is  boing  continued,  pnd  it  is  plpnned  to  fill  in  tho  date 
in  those  proes  wh  eh  show  promise  of  yielding  either  vrluPble 
information  or  mrgnetic  mp  ter  iris  with  dosirrblo  properties. 

Tho  formrtos  wore  reduced  in  p strep.m  of  purified  dry 
hydrogen  for  p period  of  30  or  60  minutes  rt  tompcrPtur3 
rrnging  from  55C°F  to  1100°F.  The  hydrogen  flow  wrs  kopt  Pt 
1.5  cu.  ft. /hr. /gm  of  tho  celt  in  pH  crscs.  The  techniouos 
nd  precputions  used  for  preventing  the  powders  from  oxidizing 
wore  idonticel  with  thoso  doscribod  in  pprt  II. 

Magnetic  Properties  of  .Formate-Reduced 
iron  Powders  r.nd  Powder  'Compacts 

Loose  Powders  pnd  Powder  Conppcts  from  Lot  I pnd  Lot  II: 

Tho  coercive  force  vpvuos  of  loose  pggregptos  of  tho  iron 
powders  obtrinod  from  Lot  I formpto  for  30  minutes  pnd  60 
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oinutos  of  reduction  rt  various  tonporpturo  ero  shown  in 
ho  curves  of  Figure  14. 

The  parabolic  npturo  of  pH  of  the  curves  is  sinilpr  to 
thrt  obtpinod  with  the  rouge-reduced  powders  troPtod  in  ih_a 
of  this  report.  The  Hc  mrx.  for  Lot  I powders  Pfter  30  minutes 
reduction  tine  appears  to  occur  rt  r higher  temper? turo  of  re- 
duction than  for  the  spnc  type  of  pow*dor  pfter  60  minutes  re- 
duction tino.  This  is  in  egreonent  with  the  data  ronortod  by 
Lihl  (15>»  previously  mentioned  in  Section  III-A.  His  work: 

indiertos  thrt  the  nax.  points  on  both  of  those  curves 

c 

probpbly  correspond  to  the  srnc  degree  of  reduction  end  the 
powder  prepared  rt  the  lower  temper? turc  v/ould  be  expected 
to  show  the  higher  coercivo  force. 

It  should  Plso  bo  noted  thPt  the  Hc  npx.  points  themselves 
occur  rt  very  much  lower  temperatures  thrn  for  rougo-reduced 
powders.  Thus,  the  fornrtos  are  more  ersily  reduced  thrn  the 
ox  id  is, 

The  coercive  force  vs.  tenperrturo  of  reduction  curvo  of 

the  iron  powders  from  the  finer  formate  of  Lot  II  shows  the 

mrx.  point  rt  r vjry  much  lowor  tonperPturo  thpn  that  ob- 
c 

tPinod  from  the  coarser  format;  of  Lot  I.  The  H.  nrx.  vpIuo 

V* 

pppeers  to  be  correspondingly  much  high  r.  The  curve  for  Lot 
II  is  f Iso  soon  to  intersect  both  of  the  curves  for  Lot  I. 

Figure  15p  shows  the  coercive  force  of  conppcts  pressed 
rt  60  t.s.i.  from  iron  nowdors  preppred  Pt  vrrious  temper- 
atures from  Lot  I pnd  Lot  II  formptos  for  the  same  hydrogon 
flow  pnd  for  the  same  roduction  time  of  60  minutes  and  Figure 
15b  shows  the  corresponding  3S  end  Br  values. 
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Tho  rate  of  docroeso  of  cocrcivo  force  with  tonpora- 
turo  of  reduction  for  Lot  I appears  to  bo  loss  than  that 
for  Lot  II  though,  es  only  two  points  wore  obtained  for 
Lot  I,  tho  cocrcivo  forco  for  this  powdor  mpy  not  follow 
tho  approximate  linear  trond  obsorvod  for  Lot  II.  Tho  B3 
values  appear  to  incronso  with  incroasing  tonpereture  of 
reduction,  Pt  a rate  almost  proportional  to  tho  rat  of 
docroeso  of  coercive  forco,  but  the  differences  in  ret 33 
of  increase  of  Bs  botwoen  tho  two  powders  are  loss  than 
tho  differences  for  Hc.  The  3r  values  at  first  increase 
slowly,  but  afterwards,  at  least  for  the  Lot  II  powdor, 
appear  to  attain  p stoady  valuo.  These  datp  may  be  inter- 
preted as  a reflection  of  the  higher  roducibility  of  the 
finer  formates.  Lastly,  the  3S  increases  more  rapidly  than 
Br  with  increasing  temperature  of  reduction. 

Comparison  Between  Lot  II.  Lot  II-Ground  and 

i5rn-3Pii-HnroT:~ — 

Figure  16  shows  the  coercive  forco  vs.  reduction  tem- 
perature for  iron  powders  from  formates  of  Lot  II,  Lot  II- 
Ground  end  Lot  II-Bnll-IIillod,  while  Figures  17a  end  17b 
show  tho  Hc,  and  Bs  and  Br  veluus  for  compacts  pressed  at 
60  t.s. 1. 

It  may  be  seen  from  Figure  16  that  only  the  right-hand 
side  of  the  parabolao  appear  to  be  be  obtained.  Tho  Hc 
max.  points  probebly  fell  oith^r  at  500°F  (tho  lowest  tem- 
perature investigated)  or  lower.  There  is  not  much  differ- 
ence between  Lot  II  and  Lot  II-Ground,  but  tho  much  finer 
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bPll-nillud  Lot  II  shows  lowor  vpIuos  of  Hc  throughout  tho 
temperature  range  studied. 

This  night  indicate  either  that  the  wholo  Hc  curvo 
is  shifted  to  the  left,  v/ith  perhaps  a higher  pePk  vpIuo 
of  Hc  Pt  lower  tcnporPturos  thrn  those  investigated , ps 
tho  result  cl*  higher  rcducifcility  of  tho  finer  powdors,  or 
thrt  tho  coercive  force  is  merely  depressed  at  tho  higher 
tcnporPturos  because  of  r grorter  tendency  of  the  fine  pow- 
dors to  sinter. 

The  coercive  force  values  of  conprcts  of  these  powders 
(Fig.  17)  show  a linear  decreeso  v/ith  incrorsing  temperature, 
as  before,  but  the  lines  for  all  powders  hevo  substentiPlly 
the  sppo  slope. 

Fron  Fig.  17b,  it  nay  bo  noticed  thPt  the  Bs  vpIuos  in- 
crease somewhat  with  incrorsing  fineness  of  the  fornate. 

This  trend  would  be  expected  whether  tho  effect  of  fino.noss 
were  to  i.ncroeso  reduction  or  sintering  rate.  The  Bp  values 
else  show  p corresponding  incroaso  which  is  very  slight 
(excluding  those  where  there  wore  cracks  in  tho  specimens). 
Effect  of  Snail  Additions  of  ragnesiun  FornPto; 

A comparison  of  the  magnetic  behavior  of  iron  powders 
from  Lot  II  formpte  and  Lot  A end  Lot  C for nates  containing 
2.5fi  and  0.066^  Mg,  respectively,  is  3how.n  in  the  coercive 
force  vs.  temperature  of  reduction  curvos  of  Fig.  18  (for  a 
cor.3trnt  hydrogen  flow  cf  1,5  cu.  ft./hr./gn.  and  constant 
reduction  time  of  60  minut^3)>  From  the  trend  of  tho  curves, 


it  may  bo  soon  that  addition  of  magnosium  (proauncbly 
prcsont  as  MgO)  tends  tc  increase  the  Hc  max.  vpIuo  when 
such  addition  is  not  appreciable.  Thus,  the  Hc  nex.  veluc 
with  0.066#  Mg  is  the  highest  obtained,  about  650  oorstods, 
nearly  25#  greater  than  that  for  the  straight  Lot  II. 

Although  the  dptp  are  insufficient  for  a close  compari- 
son, thoro  seems  to  bo  no  doubt  that  when  the  magnesium 
addition  to  the  formate  is  snail  enough  to  not  decrease  the 
rcducibility  appreciably,  a substantial  increase  in  coer- 
cive forco  vpIucs  may  be  expected,  probably  because  the  KgO 
formed  during  the  reduction  is  finely  dispersed  in  the  iron 
powder,  providing  diffusion  barriers  between  tho  iron  parti- 
cles and  thus  preventing  appreciable  sintering  of  these  fino 
powders.  Figuros  19n  end  19b  show  the  Hq,  end  Bs  end  Bj. 
veluos,  respectively,  for  compacts  from  Lot  II  (0#  Kg)  and 
Lot  C (0.066#  mg).  (Cracks  in  specimens  did  not  permit 
3S  and  Bj.  values  to  bo  calculPtod  for  Lots  B pnd  A),  The 
presence  of  magnesium  in  the  formate  tends  to  produce  com- 
pacts with  higher  coercivo  forco  rron  low  temporaturo  re- 
duced powder,  but  at  the  higher  temperatures  of  reduction, 
no  clear  difference  is  observed  in  the  coercivo  forco. 

In  contrast  to  the  coercive  forco  behavior,  however, 
the  Bs  values  do  not  differ  markedly  at  low  temporaturo,  but 
the  Bs  for  tho  compacts  containing  magnesium  docs  not  incroaso 
linearly  with  increasing  temperature  but  tends  to  incroaso 
noro  slowly  at  tho  higher  temperatures  than  that  for  tho 
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pure  iron  powder.  The  Br  values  for  the  Lot  C pro,  however, 
slightly  increpsjd  over  those  for  Lot  II.  This  increase 
though  of  the  order  of  20^6  ney  not  be  really  significent  end 
npy  or iso  from  snap ling. 

It  apperrs,  in  gonerel,  thrt  judicious  edditions  of 
Mg  to  the  formate  cm  cruse  nrrkcd  improvement  in  tho  Hc 
without  being  detrimental  to  tho  3g  and  Br  to  my  consider- 
able extent. 

A study  of  these  drtP  indiertes  r rether  shprp  peek  in 
the  Hc  nrx.  l'or  small  er. ousts  of  edded  magnesium  Pnd  indi- 
cetes  the  advisability  of  r nore  thorough  survey  of  tho 
of facts  of  nrgnosiun  pdditions  in  tho  range  from  zero  to 
approximately  l/2  nor  cant.  If,  ps  p first  epproxinetion, 

3 x H nex>  is  assumed  to  bo  l/3  (3r  x Hc),  the  nexinun 
energy  product  obtained  for  tho  formate  reduced  conpects 
is  thrt  of  .675  x 10^  obtrined  for  tho  powder  reduced  fron 
tho  formate  containing  0.066 fo  Mg  es  magnesium  fornrto. 

Fron  the  trends  of  the  drtp  obtrined  to  dPtc,  it 
appears  rdvisr.ble  to  investigate  tho  effect  of  lower  re- 
duction tenperrtures  and  longer  reduction  tines  on  tho 
straight  md  the  nixed  fornrto  powders.  One  technique 
which  night  permit  extremely  low  reduction  temperature  would 
be  to  trrnsforn  the  formpte  to  FeO  by  short  time,  high  tem- 
perature treatment.  Tho  FoO  powder  should  then  be  reduci- 
ble to  iron  powder  at  very  low  tenperrtures. 
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C - Sunnary  of  Results  on  Reduced  Forms to  pad  Cxidc  Powders 

Tho  results  of  tho  i.nvostigrtions  to  d^to  nry  bo  sun- 
nrrizod  rn  follows: 

(1)  Tho  thorr.rl  reduction  process  by  itsoif  ppperrs 
to  bo  incrprblo  of  producing  powdors  v/ith  r hirh  degree 
of  shrpe  Rnisctropy. 

(2)  Incrorsod  reduction  tines  permit  reduction  Rt 
lower  tempore tur os  with  r roletivo  increrse  of  reduction 
reto  compered  to  sintering  rrtc,  thus  providing  the  possi- 
bility of  producing  powders  v/ith  higher  coercive  force. 

(3)  The  results  rgreo  with  those  of  Lihl  (15)  or.  th^ 
docrcrso  of  tempereture  cf  roduction  for  nrximun  coercivo 
force  with  increpsed  reduction  tines. 

(4)  Ferrous  fornrto  powdors  roduco  rt  r lewor  tonpor- 
eture  thrn  comorcirl  rouge,  probpbly  beepuse  of  the  lock 
of  inpuritios  end  bocpuso  the  fornete  pppoprs  to  decompose 
diroctly  to  the  forrous  oxide  e;riy  in  tho  reduction, 
while  the  rouge  i3  in  tho  ferric  strto.  As  tho  rosult  of 
the  co.osidorr tions  nentioned  in  (2),  therefore,  the  formrtc 
powdors  nr y be  gunerolly  cnppblo  of  producing  higher  coor- 
civu  force  iron  powdors  thrn  tho  commercial  rouge. 

(5)  HgO  in  proper  mounts  ney  provide  e further  in- 
crorso  in  the  coorcive  force  through  interfering  with 
sintering  during  reduction. 

(6)  Incrorsod  fineness  of  srlts  npy  permit  obtrinir.g 
increpsed  coorcive  force  through  rn  increrse  in  reduction 
retos  end  consequent  possibility  cf  reduction  Pt  lower  torn- 
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n r a turns.  It  nry,  however,  rise  tjud  to  decrease  the 
coercive  force  through  incropsing  the  sintering  rote. 

( 7 ) The  rat^  of  variation  of  the  coercive  force  with 
compacting  pressure  is  appreciably  influenced  by  the  powder 
ohrrmt  eristics ; for  exanplo,  the  mount  of  oxides  or  other 
inpuriti  s present. 

(8)  From  the  point  of  view  of  coercive  force,  the 

npxin'in  sintering  effect  when  prossed  bprs  pre  reheated 
(nul tidonain  formation),  pp poors  to  take  ploce  over  e 
nrrrow  range  of  tenooratur os , while  the  saturation  induc- 
tion end  r crime  nee  values  tend  to  stprt  r grrdupl  increrse 
somewhat  before  the  sharp  drop  in  coercive  forco.  This 
indicptjs  thrt  by  careful  control  of  the  sintering  tech- 
niques, higher  3 x vrlucs  nay  be  obtainable. 

(9)  Increased  sintering  tines  tend  to  decrease  the 
temperature  Pt  which  the  coercive  force  drops  shPrply.  In 
these  ixnor  inmts , this  chr.ngo  was  snrll,  perhaps  because 
cf  th , inpurities  In  the  powder. 

(10)  '/ hiie  the  highest  3 x HrPX#  obtpined  in  theso 
investigations  wrs  approximately  0.7  x 10^  for  the  no g- 
r.esiur.  containing  fornrte  reduced  powders  and  was  approxi- 
mately 0.5  x lO^3  for  the  rouge  reduced  powders,  those 
values  should  b ; capable  of  inprovonent.  In  the  case  of  the 
oxide  powders  at  least  the  low  3 x Hnox.  product  is  proba- 
bly duo  in  part  to  a low  rena nonce , as  p result  of  inpuri- 
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ti os  present.  The  value  n fy  thjroforo  bj  improved  by 
nrgn. :tic  soprration  of  non-f orronpgnotic  impurities  pftcr 
the  roduction.  In  Pddition,  carr ful  variations  of  reduc- 
tion, pressing  md  sintering  techniques  Pnd  alignment  of 
ppr'ciclcs  in  n°pj\, tic  fields  npy  well  be  cppablc  of  pro- 
ducing ponders  of  sufficient,  quality  to  find  application 
in  the  permanent  nagnot  field. 
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TABLE  I 

!'itp]lic  Iron  Content  of  Fowdors  Reducod  Fron 


Rcugo  For 

Various  Tinos 
Lt'rgo  Coercive 

Pt  Tonporetur 
Force  VpIucs 

es  Yielding 

Reduction 
Tonperrture 
in  °? 

Reduction 
Tine  in 
I!inutcs 

Coorcivo 
Forco  in 
Oeratods 

Metr  Hie 

Iron 

Content 

750 

100 

520 

51 

800 

100 

500 

57 

700 

200 

560 

50 

750 

200 

640 

56 

800 

200 

530 

59 

600 

900 

580 

56 

700 

900 

580 

60 

800 

900 

504 

65 
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TABLE  II 


i'p~:ietic  Properties  of  Sintered  Iron 
Connects  - Compacts  Tressed  et  40  t.s.i. 
Fron  Powders  Reduced  from  Rouge  a t 700°F 
For  200  Kinutes  end  Sintered  2 Hours 
In  Hydrogen 


Sintering 

Temperature 

oy 

Coercive 

Force- 

Oersteds 

Intrinsic 
Induction 
(at  K = 4000 
Oersteds)  - 
Gouss 

Reraanence 

Geuss 

— 

530 

3750 

1720 

450 

520 

3820 

1790 

700 

504 

4110 

1945 

1000 

480 

4352 

2111 

1200 

390 

5590 

2185 

1400 

200 

4846 

1400 

1600 

72 

5743 

3283 

1700 

32 

5500 

— 
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TA3L2  III 


Magnetic  Properties  and  Density  of  Sintered  Iron 
Compacts  - Compacts  Tressed  at  40  t.s.i.  From  Powders 
Reduced  from  Rouge  at  700°F  for  200  Minutes  and 
Sintered  4 Hours  in  Hydrogen 


Sintering 
Temperature 
* oy 

Coercive 

Force- 

Oersteds 

Intrinsic 
Induction 
(et.  H = 4000 
Oersteds)  - 
Gauss 

Reman- 

ence 

Gauss 

Density 
Gras . / 

c.c . 

— 

514 

4015 

2000 

3.04 

800 

478 

4710 

2405 

3.19 

1000 

430 

5220 

2676 

3.0 

1200 

204 

6352 

2680 

3.38 

1400 

50 

7338 

2290 

3.75 

1600 

5 

7730 

3680 

4.48 

i 
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Fig  2.  Electron  Micrograph  of  Rouge  Reduced 
Iron  Powder  (Reduction  Temp.  900°F;  Reduction 
Time  200  Minutes).  Arrows  Show  Formation  of 
Rings  of  Magnetic  Closure. 
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Fig  3.  Electron  Micrograph  of  Rouge  Reduced  Iron 


Powder  (Reduction  Temp.  750*F;  Reduction  Time 


100  Minutes)  Showing  Dispersion  of  Particles 
Obtainable  by  Proper  Use  of  a Magnetic  Field. 


Fig  4.  Electron  Micrograph  of  Rouge  Reduced 
Iron  Powder(Reduction  Temp.  7 50* F}  Reduction 
Time  100  Minu  t es)  Showing  Alignment  of 
Particles  in  a Magnetic  Field. 
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• • X-ray  Diffraction 

0—0  N2  Adsorption 
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Reduction  Temperature  - 

g.  5*  Moon  Crystallite  or  Particle  Site  of  Powders  Reduced 
from  Ferrio  Oxide  (Rouge),  by  X-ray  Diffraction  and  N2 
Adsorption  Methods. 


Reduction  Temperature  - °F. 

.g,  6*  Pore  Volume  per  gm.  of  Powders  Reduced  from  Ferrio 
Oxide  (Rouge) , by  Nitrogen  Desorption. 
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Reduction  Ten 

• 7,  Variation  of  Coorcive 
eduction  of  Iron  Ponders  Pr 
Various  Reduction  Times* 
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Co-prcting  Pressure  - t.s.i* 

Fig.  0,  Influ or co  of  Compacting  Pressure  on  the 
Intrinsic  Induction  at  II  s 4000  Oersteds  (Ba) 
nnd  Remanonce  (Br)  of  Compacts  Propared  from 
Iron  Powders  Reduced  from  Ferric  Oxide  (Pouge 
Reduced  at  Temperatures  and  for  Times  Indioatod)* 
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Compacting  Pressure  - t.s.i* 

Fig*  10*  Influence  of  Contacting  Pressure  on  tne  Density  of 
Compacts  from  Iron  Powders  Reduced  from  Ferrie  Oxide  (Rouge 
Reduced  at  Temperatures  and  Times  Indicated)* 


Compacting  Pressure  - t.s.i* 

Fig*  11*  1-d/d^  Versus  Compacting  Pressure  for  Compaots  from 

Iron  Powders  Reduced  from  Ferric  Oxide  (Rouge  Reduced  at 
Temperatures  and  for  Times  Indicated)* 
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Pig*  13*  Influenoe  of  Sintering  Temperature  end 
Sintering  Time  on  the  Magnetic  Properties  of 
Compacts  Pressed  at  40  t*s*i*  from  Iron  Powders 
Reduced  from  Perrlo  Oxide  (Rouge  Reduoed  at 
700°P  for  20C  Minutes)* 


Intrinsic  Induction  (at  H a 4000)  and 


Reduction  Temperature  - °F. 

Pig.  14,  Coercive  Force  Versus  Reduction 
Temperature  for  Iron  Powders  Prepared  from 
Lot  I and  Lot  II  Ferrous  Formates  for 
Reduction  Times  Indicated. 
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Pig,  15-a,  Coeroive  Poroe  of  Iran  Powder 
Compaots  Pressed  at  60  t.s.l,,  from  Powders 
Reduced  fro®  Perroua  Formates  (Loto  I and  II) 
at  Various  Tempera turea  for  60  Minutes, 


Reduction  Temperature  - °F, 

Pig,  15 -b.  Intrinsic  Induction  at  H » 4000  (Bj) 
and  Remanenoe  (Bp)  of  Iron  Powder  Compaots 
Pressed  at  60  t,s,l«,  from  Powders  P.oduoed 
from  Ferrous  Formates  (Lots  I and  II)  at 
Various  Tempera turoa  for  60  Minutes, 


B,  and  By  In  105  Qauas  Coeroive  Poor  oo«- Oersteds 
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Pig.  17 -a.  Coercive  Faroe  of  Iraa  Powder  Compacts 
Pressed  st  60  t.s«l*#  from  Powders  Reduoed  st 
Different  Temperatures  for  60  Minutes,  from  Lot  II 
Ferrous  Pomstes  of  Parlous  Slses. 


Reduotlon  Temperature  - °P. 

Fig.  17 -b.  lu-'Insie  Induo t Ion  at  H * 4000  vBa)  and 

Remanenoe  (By)  of  Iron  Powder  Compacts  Pressed  at 
60  t.s.l.,  from  Powders  Reduoed  frca  Lot  II  Ferrous 
Formates  of  Various  Slses  at  Temperatures  and  for 
Times  Indicated. 
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Reduction  Temperature  - °P. 


Fig#  19-a.  Influence  of  Magnesium  Content  on 
the  Coercive  Force  of  Iron  Powder  Compacts 
Pressed  at  60  t.s.i.,  from  Powders  Reduced  from 
the  Formates  at  Various  Temperatures  for  CO  Mi n« 
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Pig*  19-b.  Influence  of  Magnesium  Content  on 
the  Intrinsic  Induction  at  H ■ 4000  (B8)  and 
Remanonce  (BjO  of  Iron  Powder  Compacts  Pressed 
at  60  t * s * 1. ■ • from  Powders  Reduced  from  the 
Formates  at  Various  Temperatures  for  60  Min* 
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